Uptake of the toxic heavy-metal, thallium, was studied in the cyanobacterium Synechococcus R-2 (PCC 7942) using clinically available 
Abbreviations: CAPS, 3-[cyclohexylamino]-l-propane-sulphonic acid; CHES, cyclohexylaminoethanesulphonic acid; DCMU, dichlorophenyldimethylurea; DNP, dinitrophenol; FCCP, carbonyl cyanide p-trifiuoromethoxyphenylhydrazone; HEPES, N-2 hydroxyethyl piperazine-yV-2 ethanesulphonic acid; MES, respectively across cell membrane; P K + , P T1 + , Goldman permeability of K + and Tl + respectively across cell membrane; c (subscript), refers to the control-treated cells; e (subscript), refers to the experimental treatment cells; i (subscript), refers to the inside of the cells; o (subscript), refers to the outside of the cells or bulk electrolyte.
Thallium is a toxic heavy metal. Thallium is best known as a rat poison and in cases of poisoning in humans. It is also highly toxic to plants (higher plants: Phaseolus vulgaris (bean), Kaplan et al. 1990 ; Lemna, Kwan and Smith 1991) ; yeast: Saccharomyces cerevisiae, Norris et al. 1976) and bacteria (Bacillus megaterium and Escherichia coli, Norris et al. 1976 , Bakker 1978 .
Although thallium is not used in large amounts by industry, thallium salts are a by-product of heavy-metal production because thallium is a ubiquitous contaminant of most heavy-metal ores. Thallium cations readily reach aquatic environments where they tend to stay in solution and are more difficult to detect than lead, cadmium etc (Cheam et al. 1995 (Cheam et al. , 1996 . It is thus likely to be a more important contaminant than is generally realised (Cheam et al. 1996) .
The cyanobacterium Synechococcus R-2 has been extensively used as a model organism for many membrane transport studies (Ritchie 1991 , 1992a , b, c, 1996 , Ritchie and Gibson 1987 but heavy-metal uptake by cyanobacteria is poorly understood. The complete sequence (3.57 Mbp) for one cyanobacterium, Synechocystis PCC 6803 is known (Kaneko et al. 1996a, b) . There are several heavy-metal extrusion pumps (E-type ATPase) that have been identified (thylakoid: S111920; plasmalemma: slrl950, slrO797, slrO798). An ABC-type Cu 2+ extrusion pump is also known (sllO415). At least some of these systems are likely to be non-specific heavy-metal extrusion systems. However, only about 50% of the gene products of Synechocystis have a known function.
There are not only environmental reasons for an interest in uptake of thallium by cyanobacteria. Bakker (1978) introduced the use of thallium ( 204 Tl + ) as a membrane potential probe for the bacteria Streptococcus faecalis and Escherichia coli but its validity was disputed soon afterwards (Damper et al. 1979) . Bakker (1978) was able to show that the ion behaved in a way consistent with a passive distribution of the cation in both living cells and in liposomes where an electrical gradient could be generated by potassium gradients in the presence of valinomycin. Bakker (1978) was able to show a close correlation between the accumulation of Tl + and the lipophilic cation, TPMP + (triphenylmethylphosphonium) in Streptococcus when the cells were fed glucose, exposed to high levels of potassium in the presence of valinomycin, the ATPase inhibitor DCCD and in the presence of the ionophores gramicidin, valinomycin and FCCP. Similar results were found in the case of Escherichia coli. Bakker (1978) was impressed by the ability of Tl + to act as a membrane potential probe for Escherichia coli, without the EDTA treatment usually necessary if 86 Rb + /valinomycin or TPMP + were used as membrane potential probes for this cell. Neither Bakker (1978) nor Damper et al. (1979) drew attention to the very high "background" or non specific binding of Tl + to the Streptococcus and Escherichia coli cells apparent in their data. Cells that would be expected to have a negligible membrane potential had apparent accumulation ratios of Tl + (due to surface binding) equivalent to an apparent membrane potential of nearly -100 mV.
Lipophilic cations, such as TPMP + and TPP + , are unreliable A W\,o probes (Ritchie 1982 , 1984a , b, 1991 , Ritchie and Gibson 1987 . Accumulation of these ions is notoriously inconsistent from one experiment to another even on the same type of cells. The close correspondence between uptake of Tl + and lipophilic cations might not be as convincing as Bakker (1978) thought. Yet one of the reasons why Damper et al. (1979) disputed Bakker's claims was that they found large discrepancies between the accumulation ratios of Tl + and TPMP + in Escherichia coli in their own laboratory.
Thallium has an ionic radius similar to K + and Rb + (Aylward and Findlay 1974) . Bakker (1978) did not propose a mechanism to account for Tl + behaving as a membrane potential probe. Damper et al. (1979) was able to show that some K + transporters of Escherichia coli recognized Tl + , and mistakenly concluded that this necessarily invalidated the use of Tl + as a membrane potential probe. Other studies also point to it passing through the passive K + channels present in the membranes of most types of cells (rat muscle cells, Brismar 1991; human glioma cells, Brismar et al. 1989; Hydrodictyon, Rybova et al. 1988; Lemna, Kwan and Smith 1991 (Kaneko et al. 1996a, b) .
In the present paper we show that thallium is passively accumulated by Synechococcus in the cell wall and also in the cytoplasm. Thallium accumulation can be used to obtain membrane potential values under conditions which preclude the use of the 86 Rb + /valinomycin technique (Ritchie 1991 ,1992a , b, c, Ritchie and Gibson 1987 . Thallium uptake rates can be used to detect transitory changes in membrane potential when cells are exposed to an ion which is electrogenically transported by the cells.
Materials and Methods

Chemicals and radiochemicalsi6
RbCl was from DUPONT New England Nuclear, Boston, MA, U.S.A. ""TICl was from the Australian Nuclear Technology Organization (ANSTO), Lucas Heights, Sydney, Australia. CAPS, CHES, DCMU, Fluorinert FC-77, HEPES, MES, Methylamine, MOPS and valinomycin were from Sigma-Aldrich. TEA was from Fluka. High purity RbNO 3 and T1NO 3 were from Fluka. Safety Note: Thallium is an insidious cumulative poison and so must be treated with care.
Radioactive thallium-Two isotopes of Tl are available with half lives long enough to be used in biological work.
2O1
T1 has clinical applications and is readily available. It has a half life of 3.046 d and decays by electron capture to produce two y rays of 135 and 167 KeV and a X-ray. It is easily counted using the 14 C-channel of a scintillation counter. It was possible to use a shipment of 20l Tl up to 21 d after its calibration date. An unfortunate consequence of the use of clinical ""Tl is that it could only be supplied in physiological saline (0.9% NaCl, 154 mol m~3) which may make it unsuitable for some purposes.
204
Tl used by Bakker (1978) and Damper et al. (1979) does not appear to be routinely available.
General-Synechococcus R-2 (S. leopoliensis, Anacystis nidulans) (PCC 7942) was grown from axenic stock cultures in BG-11 medium (Allen 1968 ) modified as described previously Gibson 1987, Ritchie et al. 1996) . The cells were grown on air, either semi-continuously (-1/4 dilution each day) or in a continuous culture device, in continuous light of about 150 ^mol (quanta) m~2s~' PAR, using cool white fluorescent lights, and 30°C. Similar light conditions were used in experiments but the temperature was 25°C. The pH 0 of a growing culture was about 10 to 10.5. The major ions in BG-11 media were (in mol m~3): . "K + -free" BG-11 contained about 1 to 3 mmol m~3 K + due to contamination of the chemicals used.
The cells were usually harvested by centrifugation (2,500 xg) in a preparative centrifuge and washed three times in the experimental medium. Filtration methods can also be used . A routine pre-incubation of 30 min was run in the light or dark as appropriate, before using cells in labelling experiments.
Incubation media were designed to be as close as possible in composition to the culture medium in which the cells were grown. Tl + equilibration took about 2 h and so cells in sealed tubes would have run out of inorganic carbon if the total inorganic carbon was only 0.189 mol m~3. Hence, the concentration of total inorganic carbon was increased to 1 mol m~3. The number of cells in a cell suspension was estimated from a known relationship between light scattering at 750 nm (Varian® Cary 1 UV-Visible spectrophotometer) and counts of numbers of cells in a cell suspension. Intracellular volumes and cellular surface areas of cells were from Ritchie and Gibson (1987) and Ritchie (1991) .
Buffer solutions-The ionic composition of BG-11 medium was changed as little as possible: buffers were adjusted to the appropriate pH o using NaOH or sedimented saturated solutions of Ca(OH) 2 for increasing alkalinity. The following buffers were used at either 5 or 10 mol m~3: pH 5 MES/TEA, pH 6 MES/ TEA, pH7.5 HEPES/Ca(OH) 2 , pH 8 HC1/TRICINE, pH 9 CHES/Ca(OH) 2 , pH 10 CAPS/NaOH or CAPS/Ca(OH) 2 , pH 11, CAPS/NaOH. Dark techniques-Dark experiments on Synechococcus must be run in completely dark conditions (Ritchie 1991) . A dim, green safe-light was only used for taking samples (about 10 s, 0.1 //mol(quanta) m~2s~' PAR).
Membrane filtration techniques-Uptake of 201 Tl + could be measured using filtration techniques, using a Millipore apparatus, as previously described using Nuclepore® (Costar Corp., Cambridge. MA, U.S.A.) polycarbonate membrane niters (0.4 or 1 fim). The usual specific activity was =300 to 10,000 GBqmol"
1 . The cell wall of Synechococcus bound significant amounts of Tl + due to its cation exchange capacity Gibson 1987, Ritchie 1992a) . Bound Tl + could be corrected for using methods analogous to those used in correcting for free-space accumulation of ions in eukaryotic plants (Ritchie and Larkum 1982 , Kwan and Smith 1991 , Ritchie 1991 , 1992a O 2 evolution-Photosynthesis was measured using a Clarktype electrode (Hansatech, Kings Lynn, Norfork, U.K.) thermostatted to 25°C and used as described by Walker (1990) . The electrode was calibrated with aerated water for 100% air saturation and with N 2 as zero O 2 . The oxygen solubility algorithms of Carpenter (1966) and Colt (1984) were used to calculate the oxygen concentration in air-saturated medium. The chamber was illuminated with saturating red light (peak 660 nm), provided by a light emitting diode array (175 #mol m~2 s~' PAR).
Harvested cells (301 (±24) x 10 12 cells m~3) were filtered onto polycarbonate membrane filters, then washed three times in experimental media. The cells were then resuspended in the appropriate experimental medium by shaking in an Eppendorf tube and pre-incubated in the light. Samples were purged N 2 gas before 1 ml of cell suspension was placed in the oxygen electrode chamber.
Membrane potential-The membrane potential (Aif/ io ) was measured using the 86 Rb + /valinomycin technique described and discussed in Ritchie (1991) and Ritchie et al. (1996) but using filtration and washing to measure valinomycin-mediated uptake of 86 Rb + by the cells. The Nernst equilibrium potential for thallium ( E T1^O) was estimated from the accumulation ratio of thallium as described previously (Ritchie 1991 (Ritchie , 1992a using the Nernst equation (Nobel 1991) after cell wall binding was corrected for as described above. Activities were calculated from concentrations using the Bjerrum version of the Debye-Huckel equation (Hamer 1968 " was taken up passively and its permeability across the cell membrane was constant, Tl + uptake rates could be used to detect polarizations and recoveries of A v/j, 0 using the same theoretical approach as used for estimating electrogenic effects of substrates by comparing the valinomycin-mediated uptake rates of Rb" 1 " under a control and an experimental condition (Ritchie 1992a .
Accumulation of
201 Tl + , when equilibrium had been reached, was routinely measured for both control and experimental treatments. Both the initial effects of an offered substrate and the membrane potential after the cells had been exposed to the changed conditions for a considerable time could be measured. The equilibrium incubation time used was 2 h. The membrane potential of the experimentally treated cells immediately after being exposed to an experimental treatment can be calculated as;
Equation 1 where, F/RT are the Faraday, Gas Constant and absolute temperature respectively, A y/ e is the membrane potential of cells given the experimental treatment at t = 0, Ai// C is the membrane potential of the control cells (assumed to be constant), <p t is the uptake flux of the permeant cation in the experimentally treated cells, 0 C is the flux of the permeant cation in the control cells. Equation 1 can only be solved iteratively. The error of A if/ c can be estimated by a partial differentiation with respect to A y c , <f> c and <j> z (Young 1962 , Zar 1974 .
Cells were pre-incubated in BG-11 medium (lacking the appropriate substrate) in capped Eppendorf tubes. For the inorganic carbon experiment the BG-11 medium was nominally inorganic carbon free. Control and experimental cells were incubated as matched pairs. In control cells, ^'Tl 4 ' was added to the caps before incubation. In most experimentally treated cells, the caps had 201 Tl + plus the experimental substrate. The MI T1 + fluxes were measured by shaking the tubes and removing a cell sample for filtration after the appropriate labelling time. The uptake of ^'Tl" 1 " was measured at 0, 2, 4 and 6 min. Membrane potentials were calculated from the equilibrium accumulation ratio of 2O1 T1
+ after labelling for 120 min of both control and experimentally treated cells using the Nernst equation. Changes in the membrane potential as a result of transport of the added substrate were calculated using Equation 1 from their effects upon the initial 201 Tl + uptake rate and the end-point accumulation of ^'Tl* of the control cells.
Kinetics-Uptake of ^'Tl* was followed routinely for up to 3 h. Uptake vs. time was fitted to an exponential saturation model using a non-linear least squares fit (Johnson and Faunt 1992) giving estimates of the exchange constant (k) and equilibrium point (Ei iC <,) and their errors.
Counting methods-^'Tl"*" was counted using the 14 C-channel and 86 Rb + -label counted using the 32 P-channel of a PACKARD Tri-CARB 300 scintillation counter. Both isotopes could be counted using a y-ray counter if available.
Statistics-Error-bars are ±95% confidence limits with the number of replicates in brackets (). Where two numbers appear in brackets (a, b), the first is the number of separate experiments conducted and the second is the total number of observations. Students "t" tests, linear regressions including the error-limits of the slopes (m) and Y-intercepts, and other statistics were calculated as described by Zar (1974) .
Results
Defining the experimental material-The cells used in the present study were grown in BG-11 medium, aerated with air; the doubling time was ~12h. The cells had a mean net photosynthetic rate (O 2 electrode, expressed on a plasmalemma surface area basis) of 59±3 nmol O 2 m" 2 s~' (5,60) in CAPS-buffered BG-11 at pH 0 10.
Toxicity of thallium-Synechococcus cells not been previously exposed to thallium, were killed by concentrations of 30 mmol m~3 and above. To test the effect of Tl + at lower concentrations Synechococcus cultures were subcultured into BG-11 medium containing zero, 1 and 10 mmol m~3 Tl + . Growth could followed by measuring absorbance of cell suspensions at 750 nm at pH 0 = 10. It took about 6 h for the inhibitory effects of Tl + to become apparent in growth experiments. Oxygen electrode experiments also showed no inhibitory effects of 1, 10 or 100 mmolm" 3 Tl + , upon photosynthesis, after incubation in the heavy metal for 2 or 3 h.
After 24 + for a few seconds (2 to 4 s) then placing them onto polycarbonate filters and rinsing 3 times in isotonic pH 0 7.5 buffered Ca(NO 3 ) 2 and then counting the cells on the niters. Uptake curves (Fig. 1) showed that the binding phase of thallium uptake was complete in a very short time (less than 1 min The same batch of cells was used for both experimental treatments. Cells were pre-incubated in the experimental conditions for 30 min before commencement of labelling. The pH o was 10 using 10 mol m" 3 CAPS/NaOH buffer. Cells were washed three times with 5 mol m~3 HEPES/Ca(OH) 2 buffered Ca(NO 3 ) 2 on Nuclepore filters, then the 201 Tl + was counted. The equilibrium accumulation was greater in the presence of valinomycin and, if anything, valinomycin slightly decreased the uptake rate for Tl + . Each data point has an inherent relative error of ± 6 % due to the error of the cell volume. ratio for thallium across the cell membrane.
Binding of Tl + to the surfaces of the cells was a significant and variable component of total cell uptake of Tl + and so zero time binding controls (blanks) were included in most experiments rather than using overall mean binding values. Toluene (about 1% v/v) is a convenient poison for extracting ions from Synechococcus (Ritchie and Gibson 1987) . Toluene-poisoned cells were used as a convenient blank in some experiments. Estimates of bound thallium using toluene-poisoned blanks labelled for 2 h and live cells labelled for 2 to 4 s gave similar estimates of bound thallium. All estimates of intracellular accumulation of thallium were corrected for extracellular binding. Uptake of 201 Tl + was followed over up to 3 h in buffered BG-11 with 1 mmol m 3 Tl + . The valinomycin concentration used was 5 mmol m~3. Permeability was calculated using the Goldman equation (Nobel 1991) . Where two numbers appear in brackets (a, b), the first is the number of separate experiments conducted and the second is the total number of observations.
increased the endpoint accumulation of Tl + but there was no increase in the initial uptake rate of the ion in the presence of valinomycin (control, 2.7±0.71 pmolm~2s~';-tvalinomycin, 1.76±0.24 pmol m~2 s" 1 ). Thus the apparent Nernst equilibrium potentials of the cells (Nobel 1991) , using the Tl + probe was -148±1.8mV in the control and -161 ±1.1 mV in the valinomycin treated cells. The Goldman permeability of thallium across the cell membrane (Nobel 1991 ) was 4.6± 1.3 nm s~' in the controls and 2.8±0.40nm s~' in the presence of valinomycin. The experiment shown in Fig. 1 there was a significant decrease in the uptake rate of 20I Tl + in the presence of valinomycin upon the permeability of Tl + across the cell membrane. In other similar experiements there was no significant effect of valinomycin. Table 1 shows the overall mean uptake parameters for three similar experiments to that shown in Fig. 1 . There was no significant effect of valinomycin upon the permeability of Tl + but membrane potentials were slightly more negative in the presence of valinomycin than in the controls. Similar experiments run in the light and dark and at pH o 7.5 had similar time courses to Fig. 1 with a t(l/2) of about 5 to 20 min (Table 1 ). The permeability of Tl + was not significantly different in the presence and absence of valinomycin in the light (~5 nm s~') but seemed to be considerably lower in the dark ( = 1 to 2 nm s" 1 ) at both pH o 7.5 and 10.
The lack of effect of valinomycin upon the permeability of Tl + shown in Table 1 shows that Tl + was not recognized by valinomycin despite Rb + and Tl + having similar ionic radii (Aylward and Findlay 1974) . The permeability of Tl + ( P T1 + ) is about 1 to 5 nm s" 1 : there appears to be a lower permeability in the dark but little effect of pH 0 . Hence any effect of valinomycin upon the Tl£, of the cells indicated a change in the membrane potential and not P T1
+ . + (1 mmol m~3) for 2 h in 10 mol nT 3 CAPS buffered BG-11 (pH o = 10), then placed on a Nuclepore filter before being resuspended in unlabeled medium. The efflux medium contained the same concentration of unlabeled thallium. After the specified washout time, the cells were collected on Nuclepore filters and rinsed with buffered Ca(NO 3 ) 2 . Labelled thallium taken up by the cells is nearly fully exchangeable for unlabeled Tl + . Each data point has an inherent relative error of ±7.8% due to the error of the cell surface area. Table 2 shows the Nernst equilibrium potential for Tl + of cells not previously exposed to Tl + , in 1 mmol m~3 thallium in the light and dark in the presence of valinomycin for 2 h. The apparent membrane potentials using the 86 Rb + /valinomycin method and the Nernst equilibrium potential for thallium ( E T1^O) can only compared if they are made in the presence of both thallium and valinomycin. The experimental medium was CHES buffered BG-11 medium (pH 0 10). There was little or no effect of Tl + upon the accumulation of 86 Rb + , in the presence of valinomycin, compared to the controls with no Tl + . There was a small but significant difference of 5±3.8mV in the membrane potential in the light between the control cells (no Tl + ) and cells in 10 mmol m~3 Tl + , indicating some toxicity of 10 mmolm" 3 Tl + . The E Tl£, in the light and dark and the light/dark effect was similar to membrane potential determinations made in previous studies of Synechococcus (Ritchie 1991 , 1992a , b, c, 1996 , 1997 Table 3 is a summary of all the apparent membrane potential measurements made in the present study. Overall means and variances were calculated in routine determinations using 4 separate replicates. Membrane potential determinations were also made from the time courses of Tl + uptake such as Figs. 1 and 2. Data in Tables 1 and 2 were included in the analysis but not the The same batch of cells was used for both experiments. Cells were pre-incubated in the experimental conditions (pH 0 7.5; 10 mol m" 3 HEPES/Ca(OH) 2 buffer) for 30 min before commencement of labelling. Uptake rate is directly proportional to the external concentration. Each data point has an inherent relative error of ±7.8% due to the error of the cell surface area. Table 5 (see below). Table 3 shows that apparent membrane potentials are consistently higher at pH o 10 than at pH 0 7.5 and the cell membrane was depolarized by about 10 or 20 mV in the dark. Valinomycin increases the accumulation of Tl + (as shown in Fig. 1) indicating hyperpolarization of the plasmalemma. Valinomycin-treated cells also show the apparent light/dark depolarization effect. All inhibitor/uncoupler experiments included appropriate light/dark controls run on the same batch of cells (these were included in the overall mean estimates of the membrane potential). The uncouplers, FCCP and dinitrophenol, decrease the E Tl£, in both the light and dark. The ionophore, monensin, depolarized the E Tl£, of the cells in the light but not in the dark. Nigericin had little, if any, apparent effect. All the inhibitors decreased E Tlj* o . Most of the observed effects of inhibitors, uncouplers and ionophores are consistent with previous observations of the effects of these compounds upon the membrane potential of Synechococcus using the 86 Rb + /valinomycin technique (Ritchie 1991 strongly depolarized in pH 0 less than 7, but was essentially constant at neutral and alkaline pH. Fig. 4 shows that acid pH o slightly decreased Tl + accumulation in both the light and dark. The adverse effects of acid pH 0 are greater in the dark than in the light. Tl + accumulation was greater in alkaline pH than at neutral pH and at pH 0 10 and 11 there was no significant difference between E T1^O in the light and dark. A 2 h incubation was used for the Tl + experiments, whereas the incubation time in the 86 Rb + /valinomycin experiments reported in Ritchie (1991) (Ritchie 1991 (Ritchie , 1992a . Fig. 5 shows that above a [K + ] o of about 3 mol m" 3 , potassium does progressively decrease Tl + accumulation (both in the presence and absence of valinomycin), as would be predicted if the membrane potential was "clamped" at the potassium diffusion potential at high [K + ] o . The progressive depolarization of the cell membrane did not as closely follow the behaviour of a theoretical K + electrode as the experiments using 86 Rb + /valinomycin method (Ritchie 1991) but as in the case of the pH 0 experiments, a 2 h incubation time might have allowed the cells to adjust their membrane potential. It seems likely that the long incubation times necessary when using thallium as a membrane potential probe partially masked the depolarizing effects of high potassium concentrations. Table 4 shows the polarizing effects of added inorganic carbon, ammonium, methylammonium and potassium measured using ^'Tl* as the membrane potential probe. The experimental pH 0 used for the inorganic carbon experiment was pH o 10 because at . Binding was corrected for using blanks (zero time labelling) at each K + concentration. The pH 0 was 7.5 using 10 mol m~3 HEPES/Ca(OH) 2 buffer made up in BG-11 medium with the appropriate potassium concentration.
Equilibrium intracellular accumulation of thallium-
Effects of bicarbonate, ammonium and potassium uptake upon membrane potential-
this pH the concentration of CO 2 would be negligible compared to HCO 3~ and CO*". BG-11 medium buffered with lOmolm" 3 CAPS was used. Uptake of bicarbonate led to a hyperpolarization of the cells, as found previously when using the 86 Rb + /valinomycin technique . The hyperpolarization effect is transitory: after a 120 min incubation there is only a small difference in the membrane potential of cells in inorganic carbon-free medium and in cells exposed to inorganic carbon.
Synechococcus cells have a very marked preference for ammonia over nitrate as a nitrogen source (Ritchie and Gibson 1987) . Ritchie (1992a) showed that supply of NH 4 + (5 molm~3) depolarized the cells in BG-11 medium at pH 0 7.5. An external pH of 7.5 was used for the ammonium experiment, because at that pH o most of the NH 3 /NH/ system would be in the form of NH^1". Using the thallium probe, a large initial depolarization effect of about +70 mV was found in cells offered ammonium cation, but after the cells had been using ammonium as a nitrogen source for 2 h, the difference in membrane potential between cells using nitrate and ammonium as nitrogen sources was very small (about 4 mV). Methylamine is often used as an analogue for ammonia because 14 CH 3 NH 2 is readily available. Table 4 shows that methylammonium cation also depolarizes the cells but not as dramatically as N H / . Net uptake of both ammonium and methylammonium seem to involve a net uptake of positive charge.
Synechococcus needs either K + or Rb + ions. Cells in potassium or rubidium-free medium were hyperpolarized, suggesting that if cells in potassium-free medium were offered potassium there would be a measurable depolarization of the cells. The depolarization effect of added K + was very large, indicating that K + -starved cells depolarized very strongly when offered 0.35 mol m~3 [K + ] o . This indicates that net uptake of K + is positively electrogenic. . Similar conclusions can be drawn for the 100 mmol m~3 Tl + -tolerant cells (Table 5 ). The cells actively extruded the ion in the presence of valinomycin (light, -4.9±0.8 kJ mol~'; dark, -1.5± 0 . 2 k J m o r ' ) .
Thallium accumulation in thallium-resistant cells-
Discussion
Synechococcus accumulates intracellular thallium cation (Tl + ) by a passive mechanism, obeying the Nernst equation (Nobel 1991) . The t, /2 for equilibration of m T\ + was about 20 min, a labelling time of about 2 h was needed ( Fig. 1) and concentrations of Tl + of 1 mmol m~3 or less had to be used to avoid toxicity effects. Other types of cells might tolerate lower or higher concentrations of the ion.
The Nernst equilibrium potential for thallium ( E TlJ,), in the presence of valinomycin, agree well with membrane potential measurements made using the 86 Rb + /valinomycin method (Ritchie 1991 , 1996 , 1997 (Ritchie 1991 (Ritchie , 1992a (Ritchie 1997) . Some prokaryotic cells are resistant to valinomycin or are sensitive to it only under special conditions (Bakker 1978 , Damper et al. 1979 ) and so few methods are available to obtain measurements of their membrane potential.
The 86 Rb + /valinomycin technique (Ritchie 1991 , 1992a , b, c, Ritchie and Gibson 1987 appears to give valid estimates of the membrane potential in Synechococcus, but it is important to realize that it only gives membrane potential values of the cells in the presence of valinomycin, which is a potassium ionophore antibiotic. Therefore, results must be interpreted carefully. For example, the membrane potential was strongly depolarized in the presence of the proton ionophore, FCCP (Ritchie 1991 (Table 3, 4) to about -180 to -200 mV in the light but to only about -130 mV in the dark. This degree of hyperpolarization is limited: if the cells behaved like a K + -electrode even at the very low K + concentrations in nominally K + -free medium (~3 to 10 mmol m" 3 K + ), the membrane potential should have been about -300mV negative (Ritchie 1991) . Fig. 5 shows that high [K + ] o depolarizes the cells as would be expected from a system with a potassium diffusion potential (Nobel 1991) . The progressive depolarization of the cells did not follow as closely the behaviour of a theoretical K + electrode ( -59 mV/log, 0 a lC), as in the experiments using 85 Rb + /valinomycin method (Ritchie 1991) . The 2 h incubation necessary using the m i\+ probe allowed time for the cells to readjust the membrane potential to a more nega-tive value. Table 1 shows that the permeability of Tl + across the cell membrane of Synechococcus ( P T1 + ) is about 1 to 5 nm s~', which is about the same permeability as sodium and is very high compared to other ions (Ritchie 1991 (Ritchie , 1992a . Permeability in the light is about 5 nm s~' at both pH o 7.5 and 10 but is lower in the dark. The permeability of K + can be calculated to be about 0.5±0.16 nm s~' in Synechococcus using recent K + flux data Fig. 3 shows that short-term Tl + uptake is not saturable even at concentrations much greater than used routinely in the present study. This result is similar to previous findings for Escherichia coli (Bakker 1978 , Damper et al. 1979 and is a quite different result to the saturable uptake mechanism found in the aquatic angiosperm Lemna minor (Kwan and Smith 1991) and the green alga Hydrodictyon (Rybova et al. 1988) where the active K + pump recognizes Tl + ions. The high permeability of Tl + and non-saturable kinetics suggests that thallium is taken up passively by Synechococcus through a low affinity passive channel and would account for the light/dark effect on thallium permeability suggested by the data shown in Table 1 .
Significant polarization effects of added ions were detected using comparisons of 201 Tl + uptake under control conditions and in the presence of a transport substrate (Table 4) . This is despite the inherent limitations of the method (Ritchie 1992a . Polarization effects are not experimentally detectable if less than about ±20 mV and it is not possible to measure very short-term effects upon membrane potential ( < 2 min duration).
Uptake of inorganic carbon resulted in the membrane potential becoming more negative (hyperpolarization). This result is consistent with similar findings using the 86 Rb + /valinomycin method . Transitory hyperpolarization, based upon the use of the rather unreliable lipophilic cation probes, has also been reported to occur after inorganic carbon has been added to cyanobacterial cells (Kaplan et al. 1982 , Zenvirth et al. 1984 , Miller et al. 1984 , Kaplan et al. 1989 , Miller et al. 1990 ).
Uptake of ammonium cation (NH^) and its commonly used analogue, methylammonium (CH 3 NH 3 + ), and potassium were shown to depolarize Synechococcus cells. NH^" has been shown previously to strongly depolarize cells using the 86 Rb + /valinomycin method (Ritchie 1992a ) and is also consistent with the electrogenic behaviour of the^~ (CH3NH3") uniporter found in the giant alga, Chara (Walker et al. 1979) .
The most dramatic polarization effect was found in the case of cells in K + -free media offered K + . The Synechococcus cells seemed to depolarize almost to zero, when the cells were first offered K + , but the membrane potential was close to normal after 2h. An electro-neutral Kjt/Na,^, antiport mechanism is inconsistent with this observation and was already considered unlikely on thermodynamic grounds (Ritchie 1991 (Ritchie , 1992a .
Studies of K + transport in Synechococcus show classical two phase uptake kinetics (Epstein 1972 ) with a highly specific high affinity system and a low affinity system exhibiting no discrimination between K + and Rb + at [K + ] o above 3 mol m~3 (Ritchie unpublished) . Ritchie (1991) showed that potassium uptake is passive at [ (Ritchie 1991 (Ritchie , 1992a K^0, in contrast to the case in green algae and higher plants {Hydrodic-tyon: Rybova et al. 1988, Lemna: Kwan and Smith 1991) . The results of this study are consistent with Tl + entering Synechococcus through a low affinity K + channel with a high saturation velocity, perhaps comparable to the passive K + -channel found in Chara (Beilby 1985) and Hydrodictyon (Rybova et al. 1988 ) but is not recognized by the active K + transporter.
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